Nucleotide-binding oligomerization domain-2 (NOD2, also designated CARD15), a member of the NOD-leucine-rich repeat (LRR) protein family (also called the CATERPILLAR family), is upregulated in atheroma lesions and has an important role in regulating the intracellular recognition of bacterial components by immune cells. However, the effect of NOD2 on cardiac hypertrophy induced by a pathological stimulus has not been determined. Here, we investigated the effects of NOD2 deficiency on cardiac hypertrophy induced by aortic banding (AB) in mice. Cardiac hypertrophy was evaluated by echocardiographic, hemodynamic, pathological, and molecular analyses. NOD2 expression was upregulated in cardiomyocytes after aortic banding surgery in wild-type (WT) mice. NOD2 deficiency promoted cardiac hypertrophy and fibrosis 4 weeks after AB. Further, the enhanced activation of TLR4 and the MAPKs, NF-kB and TGF-b/Smad pathways were found in NOD2-knockout (KO) mice compared with WT mice. Our results suggest that NOD2 attenuates cardiac hypertrophy and fibrosis via regulation of multiple pathways.
Cardiac hypertrophy occurs as an adaptive response to various cardiovascular diseases, such as ischemic heart disease, hypertension, valvular insufficiency, infectious agents, or mutations in sarcomeric genes. 1 Although pathologic hypertrophic hearts temporarily maintain output, sustained cardiac hypertrophy can predispose a patient to arrhythmia and sudden death, and also cause heart failure. 2, 3 The transition between pathological cardiac hypertrophy and heart failure is associated with a reduction in cardiac contractility, ventricular remodeling, and cardiac fibrosis, as well as with myocyte loss. 4 Increasing evidence shows that a number of signaling pathways have a critical role in the development of cardiac hypertrophy. These signaling pathways include the mitogen-activated protein kinase (MAPK), 5 phosphoinositide 3-kinase (PI3K)/Akt, 6 NF-kB, 7 and TGF-b1/Smad pathways. 8 However, the mechanisms that regulate these pathways have not been clearly illustrated. Therefore, it is important to elucidate the underlying mechanism of cardiac hypertrophy.
Nucleotide-binding oligomerization domain-2 (NOD2, also designated CARD15) is a member of the NODleucine-rich repeat (LRR) protein family (also called the CATERPILLAR family). The members of the LRR protein family share a tripartite domain structure consisting of a C-terminal domain containing multiple leucine-rich repeats (LRRs), a central nucleotide-binding oligomerization domain (NOD), and an N-terminal protein-protein interaction domain, such as caspase recruitment domains (CARDs), death effector domain (DED), and pyrin domain (PYD). [9] [10] [11] NOD2 has been shown to recognize muramyl dipeptide (MDP), an intracellular sensor of bacterial cell wall peptidoglycan (PGN). 12, 13 This activation by PGN components initiates various signaling pathways, including NF-kB and MAPKs pathways, ultimately leading to a variety of immune responses. 14 Growing evidence suggests that NOD2 mutations increase susceptibility to Crohn's disease (CD) 15 and are associated with Blau syndrome. 16 NOD2 is expressed mainly in myeloid cells and is important in the immune response to pathogenic organisms including Mycobacterium tuberculosis and Toxoplasmosis gondii. 17 However, the effect of NOD2 deficiency on cardiac hypertrophy, especially when induced by pathological stimuli, has been unclear. In this study, NOD2-knockout (KO) mice were used to investigate the role of NOD2 in the hypertrophic response, as well as to identify the molecular mechanisms that may be responsible for its putative effects.
MATERIALS AND METHODS Animal and Animal Models
All animal procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and approved by the Animal Care and Use Committee of Renmin Hospital of Wuhan University. Adult male C57/BL6 mice and NOD2-knockout mice (C57BL/6 background) (8-10 weeks old) were used in the current study. NOD2-knockout mice were ordered from the RIKEN BioResource Center, Tsukuba (RBRC), provided by Dr Marco Giovannini. The diet was based on commonly used diets in rodent intervention studies. Aortic banding (AB) was performed as described previously. 18 Surgery and subsequent analyses were performed in a blinded manner for all groups. Mice were randomly assigned to four groups as WT þsham, WT þAB, KO þ sham, and KO þ AB. After the mice were killed, the hearts were dissected and weighed to compare heart weight/body weight (HW/BW, mg/g) and heart weight/ tibia length (HW/TL, mg/mm) ratios in WT and KO mice.
Echocardiography and Hemodynamics
Echocardiography was performed using Mylab30CV (ESAOTE S.P.A) with a 10-MHz linear array ultrasound transducer. The LV was assessed in both parasternal long-axis and short-axis views at a frame rate of 50 Hz. End systole and end diastole were defined as the phase in which the smallest and the largest area of LV was obtained, respectively. Left ventricular enddiastolic diameter (LVEDD) and left ventricular end-systolic diameter (LVESD) were measured from the LV M-mode tracing with a sweep speed of 50 mm/s at the mid-papillary muscle level.
For hemodynamic measurements, mice were anesthetized with 1.5% isoflurane, and a microtip catheter transducer (SPR-839, Millar Instruments, Houston, TX, USA) was inserted into the right carotid artery and advanced into the left ventricle. The pressure signals and heart rate were recorded continuously with a Millar pressure-volume system (MPVS-400, Millar Instruments, Houston, TX, USA), and the data were processed using PVAN data analysis software.
Histological Analysis
Hearts were excised, washed with saline solution, and placed in 10% formalin. Hearts were cut transversely close to the apex to visualize the left and right ventricles. Several sections of the heart (4-5 mm thick) were prepared and stained with H&E for histopathology or PSR for collagen deposition and visualized using light microscopy. For cardiomyocyte crosssectional area (CSA), sections were stained for membranes with FITC-conjugated WGA (Invitrogen) and for nuclei with DAPI. A single myocyte was measured with a digital quantitative image digital analysis system (Image Pro-Plus, version 6.0). The outline of 100 cardiomyocytes was traced in each group.
Immunofluorescence
The procedures were described previously. 19 For immunofluorescence (IF), the sections were blocked with 10% goat serum, incubated with anti-NOD2 (Santa Cruz Biotechnology, Inc., sc-30199, rabbit) or anti-NF-kBp65 (Cell Signaling Technology, 4764, rabbit) and anti-a-actinin (Millipore, 05-384, mouse) overnight at 4 1C, incubated with Alexa Fluor568 goat anti-rabbit IgG (Invitrogen, A11011) and Alexa Fluor 488 goat anti-mouse IgG (Invitrogen, A11001), and mounted with coverslips using SlowFade Gold antifade reagent with DAPI (Invitrogen, S36939).
Quantitative Real-time PCR and Western Blotting Real-time PCR was used to detect those RNA expression levels of hypertrophic and fibrotic markers. Total RNA was extracted from frozen, pulverized mouse cardiac tissue using TRIzol (Roche), and cDNA was synthesized using oligo(dT) primers with the Advantage RT-for-PCR kit (Roche). We performed PCR using LightCycler 480 SYBR Green 1 Master Mix (Roche) and normalized results against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression. For western blotting, cardiac tissues were lysed in RIPA lysis buffer. Fifty micrograms of cell lysate was used for SDS-PAGE, and proteins were subsequently transferred to polyvinylidene difluoride membranes (Millipore). Specific protein expression levels were normalized to the GAPDH protein level for total cell lysate and cytosolic proteins on the same polyvinylidene difluoride membrane. The quantification of western blot bands was performed using an Odyssey infrared imaging system (Li-Cor Biosciences). The primary antibodies included antibodies specific for TLR4 (Santa Cruz Biotechnology, Inc. anti-mouse IRdye 800 (Li-Cor Biosciences) were used at 1:10000 in Odyssey blocking buffer for 1 h. The blots were scanned using an infrared Li-Cor scanner, allowing for the simultaneous detection of two targets (anti-phospho and anti-total protein) in the same experiment.
Statistical Analysis
Data are expressed as mean±s.e.m. Differences among groups were tested by two-way ANOVA followed by a post hoc Tukey test. Comparisons between two groups were performed by unpaired Student's t-test. Po0.05 was considered to be significantly different.
RESULTS

Upregulation of NOD2 Expression in Cardiac Tissue Induced by Pressure Overload
To investigate the response of NOD2 to hypertrophic stresses, we analyzed the mRNA and protein levels of NOD2 in mouse hearts after AB or sham surgery for different durations by real-time PCR and western blot assays. Both mRNA and protein expressions were markedly upregulated after 3 days of AB and were maintained at high levels until 8 weeks after AB, but not in the sham group (Figures 1a and b) . We explored the localization of NOD2 using immunofluorescence and found that NOD2 could be detected in the cytoplasm of cardiomyocytes in response to pressure overload (Figure 1c) . These results indicate that NOD2 expression and activity are enhanced after AB surgery. NOD2 might have a critical role in the regulation of cardiac remodeling and the transition of cardiac hypertrophy to heart failure.
NOD2 Ablation Exacerbates Cardiac Hypertrophy and Dysfunction in Response to Pressure Overload
We tested the effect of NOD2 deficiency on cardiac hypertrophy and cardiac function under conditions of pressure overload. We performed AB surgery or a sham operation in NOD2-KO mice and wild-type (WT) littermates. After 4 weeks, echocardiographic analysis was performed to assess the chamber diameter, wall thickness, and function of the left ventricle. There were no significant changes in the sham group. However, pressure overload induced significantly increased LV mass and poor cardiac function in KO mice compared with WT mice, as measured by interventricular septal thickness at end diastole (IVSD), left ventricular posterior wall thickness at end diastole (LVPWD), left ventricular end-diastole diameter (LVEDD), left ventricular end-systole diameter (LVESD), ejection fraction (EF), and fractional shortening (FS) (Table 1, Figure 2a ). Pressurevolume (PV) loop analysis further confirmed the deteriorated hemodynamic dysfunction of the LV in response to AB in KO mice (Table 1) . NOD2-KO mice also showed augmented cardiac hypertrophy 4 weeks after AB evidenced by striking increases in heart weight/body weight ratios, heart weight/tibia length ratios, and cardiomyocyte cross-sectional area (Figure 2b ), which were consistent with the morphology of the gross hearts, hematoxylin-eosin (H&E) staining, and wheat germ agglutinin (WGA) staining (Figure 2c ). In addition, the induction of hypertrophic makers, including atrial natriuretic peptide (ANP), B-type natriuretic peptide (BNP), and b-myosin heavy chain (b-MHC), was strikingly enhanced in KO mice after pressure overload, accompanied by the downregulation of a-myosin heavy chain (a-MHC) and sarcoendoplasmic reticulum Ca2 þ -ATPase (SERCA2a) (Figure 2d ). These data suggest that NOD2 ablation exacerbated cardiac hypertrophy and deteriorated the impaired cardiac function after pressure overload.
Effects of NOD2 on TLR4 Signaling A previous study found that NOD2, in the absence of ligand stimulation, has a negative role in TLR4-mediated signaling pathways. 20 We found that the mRNA and protein expressions of TLR4 were increased in mice 4 weeks after AB, especially in the NOD2-KO group (Figures 3a and b) . MAPK and NF-kB signaling was downstream of NOD2 and TLR4. 14 To explore the molecular mechanism by which NOD2 affects the hypertrophic response, the activation of MAPK in KO and WT hearts induced by pressure overload was assessed using western blot. AB mice displayed increased phosphorylation of mitogen-activated protein kinase 1/2 (MEK), extracellular signal-regulated kinase (ERK) 1/2, c-Jun N-terminal kinase (JNK), p38, and p90RSK. NOD2 deficiency enhanced the phosphorylation of MEK-ERK1/2, p38, and p90RSK. However, we did not find a difference in phosphorylated JNK levels between KO and WT mice (Figure 3c ). Previous studies suggest that the activation of NF-kB signaling has an important role in the pathogenesis of cardiac remodeling and heart failure; 21,22 therefore, we examined NF-kB signaling in the mice. Nuclear translocation of NF-kBp65 protein was dramatically enhanced in the cardiomyocytes of hypertrophic hearts after AB, especially in KO mice (Figure 3d ). The phosphorylation of IkBa and NF-kBp65 was significantly activated, whereas the total level of IkBa was lower in KO mice after AB compared with WT mice (Figure 3e ). We also examined the expression of NF-kB target genes, including interleukin (IL)-1b, IL-10, tumor necrosis factor (TNF)-a, and monocyte chemoattractant protein 1 (MCP-1), in the cardiac tissue of KO mice and their WT littermates 4 weeks after AB. Our results showed that both mRNA and protein levels of IL-1b, IL-10, TNF-a, and MCP-1 increased in KO mice compared with WT mice after AB (Figure 3f and g ). These results indicate that NOD2 inhibited cardiac hypertrophy by blocking NF-kB signaling in response to chronic pressure overload.
NOD2 Inhibits Cardiac Fibrosis after Pressure Overload
Cardiac fibrosis is a hallmark of most cardiac pathologies. Left ventricular interstitial fibrosis was evaluated using picrosirius red (PSR) on paraffin-embedded sections. Perivascular and interstitial fibrosis was detected in both KO and WT mice after pressure overload, but the extent of cardiac Nod2 inhibits cardiac hypertrophy J Zong et al fibrosis was markedly enhanced in KO mice induced by pressure overload (Figures 4a and b) . We found that the mRNA expression of fibrotic makers including TGF-b1, TGF-b2, collagen Ia, collagen III, and connective tissue growth factor (CTGF) was remarkably upregulated in KO mice compared with WT mice in response to AB (Figure 4c ). To further illustrate the cellular mechanisms underlying the antifibrotic effects of NOD2, we assessed the regulatory role 
DISCUSSION
In this study, we used NOD2-KO mice to examine the role of NOD2 in the hypertrophic response. The results demonstrate that NOD2 disruption aggravated cardiac hypertrophy and fibrosis under conditions of pressure overload. The effects of NOD2 on cardiac hypertrophy and fibrosis are likely mediated by the regulation of TLR4 and TGF-b/Smad signaling. These results suggest that NOD2 may have a protective role in pathological hypertrophy in the heart and may be an effective therapeutic candidate for cardiac hypertrophy and heart failure. NOD2 is an intracellular receptor for the bacterial cell wall component muramyl dipeptide, 12, 13 and contributes to innate antimycobacterial immunity. 23 NOD2 signaling has an important role in inflammation. 11, 24 NOD2 may represent a new therapeutic target in liver diseases. 25 However, the biochemical mechanism by which NOD2 mediates its antihypertrophic effects remains elusive. The development of cardiac hypertrophy is complex. Therefore, it is necessary to demonstrate the mechanism of cardiac hypertrophy and find the key targets for the treatment of pathological cardiac hypertrophy.
NOD2 was upregulated during liver injury in mice and humans, and mice-lacking NOD2 were protected from ConA-induced hepatitis. 25 The NOD2 upregulation in atheroma lesions indicates an involvement of this protein in the pathology of CHD. 26 Our data showed that cardiac NOD2 increased after AB surgery in the cardiomyocyte cytoplasm, which suggests that the upregulated NOD2 is involved in AB-induced hypertrophy (Figure 1) .
Cardiac hypertrophy is largely characterized by increased size and/or thickness of the left ventricle. Particularly, the cardiomyocytes expand in size and increase their protein synthesis. 27 Echocardiography and pressure-volume loops provide a framework for understanding cardiac mechanics in experimental animals and humans. In this study, a significantly larger IVSD, LVPWD, LVEDD, and LVESD of KO mice on echocardiographs 4 weeks after AB operation supported the increased LV mass and LV dilation (Table 1, Figure 2a ). The decreased EF and FS of KO mice induced by pressure overload suggest poor cardiac function in KO mice compared with WT mice (Table 1, Figure 2a) . ±dp/dt max and ±dp/dt min are much more accurate indices in discussing cardiac systolic and diastolic function. 28, 29 In this study, LV systolic pressures were similar between KO and WT mice 4 weeks after AB, being statistically higher than shams. Pressure overload significantly decreased ± dp/dt max and ± dp/dt min in KO mice compared with WT mice (Table 1) . HW/BW, HW/TL, and CSA are usually used to evaluate the degree of hypertrophy. In this study, the KO mice exhibited a significantly higher HW/BW, HW/TL, and CSA, which should be attributed to the increased afterload and the impaired cardiac function caused by pressure overload (Figures 2b and  c) . In response to hypertrophic stimuli, a fundamental reprogramming occurs within the adult cardiomyocyte that results in an altered profile of gene expression. Genes such as b-MHC, BNP, and atrial natriuretic factor (ANF) become highly expressed within ventricular myocytes. 30, 31 In the rat model of pressure-overload hypertrophy induced by ascending aortic banding, the decrease in SERCA2a mRNA content parallels decrease in SERCA2a protein concentration and Ca2 þ -ATPase activity. 32, 33 Our results were consistent with previous studies. The mRNA levels of ANP, BNP, and b-MHC were increased in KO mice after pressure overload, accompanied by the downregulation of a-MHC and SERCA2a (Figure 2d ). These results suggest that NOD2 deletion exacerbates cardiac hypertrophy and deteriorates impaired cardiac function after pressure overload.
A previous study represents a novel mechanism linking NOD2 activation with the inhibition of TLR4 signaling in enterocytes in vivo and in vitro. 34 Thus, we analyzed the effects of NOD2 on TLR4 in the heart. The results showed that the mRNA and protein expressions of TLR4 were increased in mice 4 weeks after AB, especially in the NOD2 
ESP (mm Hg) 112±3.11 115±3.98 154±2.79* 152±5.24* dp/dt max (mm Hg/s) 8983 ± 388 8718 ± 196 7980 ± 390* 7478 ± 388 # dp/dt min (mm Hg/s) À 8657 ± 200 À 8633 ± 455 À 7329 ± 345* À 7087 ± 519 # Abbreviations: dp/dt max , maximal rate of pressure development; dp/dt min , minimal rate of pressure decay; EF, ejection fraction; ESP, end-systolic pressure; FS, fractional shortening; IVSD, interventricular septal thickness at end diastole; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; LVPWD, left ventricular posterior wall thickness at end diastole. *Po0.05 for difference from the corresponding sham group. Nod2 inhibits cardiac hypertrophy J Zong et al ablation group (Figures 3a and b) . Increased TLR4 expression has been observed in human heart failure and ischemic hearts, 35 and reduced cardiac hypertrophy in TLR4-deficient mice following aortic banding. 36 Our data indicate that loss of NOD2 may impair the resistant ability of heart under stress mainly through TLR4 signaling. The TLR and NOD pathways share many similarities in downstream signaling pathways, such as activation of MAPKs and of NF-kB. 14 The MAPK family includes extracellular signal receptor-regulated kinase (ERK), c-jun NH2-terminal Kinase (JNK), and p38 MAPK, which have been reported to be important for the induction of hypertrophic responses. 37 Previous studies suggest that NOD2 activation results in phosphorylation of p38, JNK, and ERK in immature human dendritic cells. 38 NOD2 À / À mice demonstrate decreased ERK, p38, and IkB phosphorylation on MDP stimulation, confirming the role of NOD2 role in the activation of MAPK and NF-kB pathways. 39 However, here we showed that NOD2 negatively regulated ERK and p38 activation in the hypertrophic heart, which seems to be inconsistent with previous data (Figure 3c) . A potential reason for the discrepancy is that the effect of NOD2 on the ERK pathway depends on TLR4 activation. The p90 ribosomal S6 kinase (RSK) constitutes a family of serine/threonine kinases activated downstream of the MAPK pathway. Increasing evidence showed that ERK1/2 activation leads to the activation Nod2 inhibits cardiac hypertrophy J Zong et al of the transcription factor, p90RSK. 40 We showed that NOD2 disruption enhanced p-p90RSK activation induced by pressure overload, and that such effect is dependent on ERK1/2 signaling (Figure 3c ). Mounting evidence has strongly suggested that NF-kB signaling has a key role in the development of cardiac hypertrophy and heart failure. 7, 8 A previous study found that many signaling cascades induced by LPS (NF-kB, IKK, MAPKs, and STAT1) increased in NOD2-knockdown cells. 20 These unexpected results imply that NOD2 might have a role in the negative regulation of LPS-induced inflammatory responses. 11 In line with the growing evidence, our results show that NOD2 significantly abrogated NF-kB activation by disrupting transcriptional activity. This was done by blocking the phosphorylation and degradation of IkBa as well as by inhibiting the expression of NF-kB target genes (IL-1b, IL-10, TNF-a, and MCP-1) in hypertrophic hearts (Figures 3d-g ).
Fibrosis is another classical feature of pathological hypertrophy, which is characterized by the expansion of the extracellular matrix by the accumulation of collagen. Thus, it is important to understand the mechanisms that stimulate collagen deposition in the heart and define approaches to limit these processes. In this study, we analyzed the anti-fibrotic properties of NOD2 in the heart. Perivascular and interstitial fibrosis was detected in both KO and WT mice. The extent of cardiac fibrosis was markedly enhanced in KO mice 4 weeks after AB (Figures 4a and b) . The mRNA expressions of TGF-b1, TGF-b2, collagen Ia, collagen III, and CTGF, which are responsible for cardiac fibrosis, were remarkably upregulated in the KO mice compared with the WT mice in response to AB (Figure 4c) . In an attempt to elucidate the mechanisms underlying the inhibitory effect of NOD2 on fibrosis, we examined mediators of fibrosis and TGF-b/Smad signaling, which has an important role in the progression of fibrosis. 8 TGF-b signaling is transduced through Smad and non-Smad pathways. TGF-b ligand binds to TGF-bR2 and TGF-bR1. TGF-bR2 phosphorylates (P) TGF-bR1, which subsequently phosphorylates and activates Smad2 and Smad3. Activated Smad2 and Smad3 form a Smad complex with Smad4, and it translocates into the nucleus. 41 Our data showed that NOD2 disruption enhanced TGF-b/Smad signaling activation induced by AB (Figure 4d) . Collectively, these data indicate that NOD2 attenuates fibrosis by blocking TGF-b/Smad signaling.
In conclusion, our present work demonstrates that NOD2 inhibits cardiac hypertrophy and fibrosis in response to hypertrophic stimuli in mice by blocking TLR4 and TGF-b/ Smad signaling, and by regulation of pro-fibrotic cytokines and collagen content. This study enhances our understanding of the inhibitory effect of NOD2 on cardiac hypertrophy and the related molecular mechanisms. It also serves to elucidate the dominant signaling pathways leading to cardiac hypertrophy and fibrosis in response to hypertrophic stimuli. 
